The continued existence of large carnivores such as the lion (Panthera leo Linnaeus, 1758) outside of protected areas is uncertain. Such populations are the least studied and the most rapidly declining. Mozambique contains roughly 8% of Africa's lions, nearly half of which persist outside of protected areas. We estimated the distribution and abundance of lions in an unprotected section of northwest Tete Province and identified potential threats to the local persistence of lion populations. Structured interviews of local people indicated lion presence and human-lion conflict. We used interview results and anthropogenic land uses defined via Google Earth to delineate lion range digitally. We estimated population size using two methods of density estimation. We estimate that 185 lions inhabit roughly two thirds of the study area, including a likely transfrontier population with Zambia. Lion populations are resident and possibly recovering. Proper management of limiting factors, such as human-wildlife conflict, may stimulate and sustain lion population growth in the study area.
Introduction
The persistence of wide-ranging carnivores such as the African lion (Panthera leo Linnaeus, 1758) remains uncertain as anthropogenic impacts continue to increase across the globe. Lions once roamed across nearly all of Africa, and Myers [1] estimated 400,000 individuals in 1950. Lions now persist in only about 25% of African savannahs, and the most recent estimate of the African lion population suggests between 32,000-35,000 individuals [2] . The International Union for the Conservation of Nature (IUCN) classified the lion as Vulnerable when last assessed in 2008, and lion numbers have declined approximately 30% within the last 20 years [3] . Populations are decreasing particularly rapidly outside protected areas [3] , where Riggio et al. [2] suggest that about a third of all lions reside. However, populations outside of protected areas are the least known and studied [4] . This uncertainty hinders effective conservation initiatives [5] . Therefore, monitoring of lion populations outside protected areas is critical, particularly in locations that could link isolated populations protected in national parks and game management areas.
For effective lion conservation, knowledge of the distribution and density of lions, the relative importance of various threats (i.e., human-lion conflict), and the density of prey is crucial. We surveyed lions in three northwestern districts of Tete Province, Mozambique, because of its intact natural land cover and proximity to protected areas in Zambia and Zimbabwe. Furthermore, Tete has major gaps in knowledge about the status of lions [6] , and was recommended as a survey area [6, 7] .
In preparation for the Conservation Status and Action Plan for the African Lion in Mozambique, Chardonnet et al. [6] undertook the most detailed and comprehensive survey of lions in the country. They found well-studied lion populations in only two locations, Niassa National Reserve and Gorongosa National Park. For the remainder of Mozambique, they collated all available information and gathered new data on lion observations, frequencies and human-lion conflict. Based on this information, Chardonnet et al. [6] estimated 2,700 lions in Mozambique. Previous reports were less comprehensive and suggested no more than half this number [4, 8, 9] . While lions still roam throughout much of Mozambique, Niassa National Reserve hosts the largest single population of lions [6] .
Lions likely have been resident in Tete Province, northwest Mozambique, since historical times. Smithers and Lobao Tello [10] found lions both north and south of the Zambezi River in the early 1970s. However, the status of lions in the area is not well known. The earliest known population estimate for the province was by Chardonnet in 2002 [4] , who stated that there is a "substantial resident population" but did not have reliable numbers. He estimated lion range at 25,000 km 2 with a population of 125. As part of the nation-wide survey, Chardonnet et al. [6] estimated 507 lions distributed throughout the province. Other publications were less specific. Bauer and Van Der Merwe [8] do not indicate lion presence in Tete Province, and the IUCN [9] indicated that lions are likely present north of the Zambezi but gave no estimate.
The conservation of lions is of increasing national and international concern (see the Conservation Strategy and Action Plan for the Lion in Mozambique [11] , the 2011 petition for the listing of the African lion on the United States Endangered Species List [12] , and motions to upgrade the lion to CITES Appendix 1 [13] ). This research identifies the current extent and abundance of lions in the study area with implications for the future management of the area.
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Methods

Study area
Tete Province in northwestern Mozambique is roughly 100,724 km 2 in size and has an estimated human population of less than 1.8 million people. Zambia borders the province to the west and north. Zimbabwe is to the south and Malawi to the northeast of Tete. There are no formal protected areas in the province, although the Tchuma Tchato Community Project covers nearly a third of its land area ( Fig. 1 ). Community programs divide Tchuma Tchato into different management units, most focused on trophy hunting and others on ecotourism [14] . Professional hunting of wildlife, including lions, is ongoing and controlled by an official quota system. The Zambezi River and Lake Cahora Bassa divide Tete Province into north and south sections. Our study area was north of Lake Cahora Bassa in the three districts of Chifunde, Marávia and Zumbo, an area of roughly 38,000 km 2 . Lake Cahora Bassa and the Luangwa River bound these three districts to the south and west, respectively. The terrain is hilly, with the altitude gradually increasing to a plateau around 900-1,100 m above mean sea level [15] . The uplands have thick miombo woodlands with mopane vegetation along the rivers and lake ( Fig. 2 ). Climate is strongly seasonal with a long, dry season from May to November.
Since the end of the Civil War in 1993, economic development in the province has increased rapidly [16] . However, Tete Province remains sparsely populated apart from the cities of Tete and Moatize in the southeast, which serve as economic hubs for the region. Human settlement is confined along the limited Tropical Conservation Science | ISSN 1940-0829 | Tropicalconservationscience.org 90 road network, the rivers and Cahora Bassa, and along the borders of Zambia and Malawi. The province's topography and lack of infrastructure have prevented rapid population growth, although sizable communities exist (e.g., Zumbo, Zambue, Fingoe). Small-scale agriculture is the predominant land use, but mining is expanding rapidly. Significant coal resources exist throughout the province, but the majority of resources are to the south or east of the study area [17] . 
Data collection
We assessed the presence of large carnivores and their potential prey, as well as the relative magnitude of livestock loss and human mortality due to lion attacks via structured interviews with local people. Interviews afford the most accurate indirect survey method for carnivores [18] . Interviews may be more cost and time-efficient than other survey methods, such as line transects, especially when the target 91 species is sparsely distributed and difficult to detect. Our questionnaire contained questions about the presence and locations of several mammal species, including lions, and human-animal conflict.
We conducted 61 interviews throughout 49 villages in the Chifunde, Marávia, and Zumbo Districts of Tete Province in July and August 2010 ( Fig. 1 ). We selected villages along roads, ideally at a minimum distance of 10 km apart. At each village, we approached the local chief for permission to survey a member of the village and to see if he recommended someone with good knowledge of the local wildlife. A single researcher conducted the interview with the assistance of a translator who knew both Portuguese and the local Bantu dialect. Each interview lasted approximately 45 minutes. Typically, small groups of people would gather around the interview, and we recorded multiple answers or the consensus answer from these groups for questions related to wildlife sightings. In smaller villages, these groups consisted of the majority of people living there. We primarily conducted one interview per village but conducted two to four interviews in larger villages to achieve a more representative sample of the community.
The interview began with general information about the interviewee and then we inquired about the location and frequency of 14 wildlife species of interest (Appendix A). In order to minimize biased responses, we did not tell the interviewee our purpose. Positive species presence could include directly observing an individual, observing animal tracks, or hearing vocalizations either within or outside the village. The 14 species fell into the following categories: (1) lion; (2) other large carnivores (e.g., leopard and spotted hyena); (3) potential prey species of the lion (e.g., kudu, bushpig, and common duiker); (4) other species that may be present in the area (e.g., baboon); and (5) species that are not present in the area (e.g., brown bear and Cape fur seal). We included these absentee species to confirm the interviewee's credibility. We showed the interviewee a black-and-white line drawing of each species in order to clarify the species of interest (Appendix B). The final section of the interview pertained to livestock loss from disease and depredation as well as human death from disease, animal attack, and childbirth. Results from this section indicated the impacts of lion conflict, both directly (via animal attack) and indirectly (via livestock loss), and the relative magnitude of this conflict compared to others that result in loss of life (i.e., disease, childbirth).
Lion distribution
We identified anthropogenic land uses in the region using high-resolution imagery available on Google Earth (© 2012 Google; © 2012 CNES/Spot Image; © 2012 GeoEye; © 2012 DigitalGlobe; © US Dept of State Geographer). The goal was to incorporate all anthropogenic land uses, where lions were least likely to be present due to human occupation, into a single digital layer called user-identified land conversion (UILC). Google Earth provides an estimate of the altitude of the viewer. We visually inspected the imagery at roughly 6-8 km in altitude and at least 50 km in all directions from the study area. We hand-drew polygons around anthropogenic land uses, such as croplands, mines, and urban areas. There are several qualifications to this product. We did not include land conversion smaller than approximately a half square kilometer. In large areas blanketed by croplands or urbanization, we did not differentiate embedded natural areas smaller than a few square kilometers. Areas affected by trophy hunting, poaching, or pollution could not be visually identified in Google Earth and were not included. Another important qualification of this product is the temporal aspect of the images Google Earth displays. Dates vary between images and thus some may be more recent than others. For our study area, all images were newer than 2002, and images from 2006 or newer cover greater than 90% of the area. We used this methodology after conducting an unsupervised classification of Landsat imagery that did a poor job discriminating agriculture from natural habitats. Small-scale agricultural fields intermixed with forest or shrub land can be highly spectrally variable [19] , and thus can appear similar to natural vegetation in landuse classifications of moderate-resolution satellite imagery (e.g., Landsat). In the absence of extensive sampling of ground truth points, our method is likely to produce higher resolution and more accurate identification of anthropogenic land use in the study area.
The locations and frequency of lion encounters were mapped as reported by the interviewees. Arrows indicate the distance and direction of the interviewees' lion encounters. These arrows are approximate rather than exact distances and directions. Additionally, we included buffers of five km around all towns where interviewees indicated there was no lion presence.
We constructed lion range maps digitally from UILC, interview data, and incidental information (such as lion spoor). We began by considering the entire study area as lion range. We hand drew lion habitat boundaries by constraining their range against the UILC. To apply the UILC layer, we merged all polygons into a single layer of anthropogenic land use (Appendix C). Small patches of natural habitat surrounded by anthropogenic land uses are not considered lion habitat. In some cases, we included larger areas of land conversion (up to ~60 km 2 ) as habitat if they were isolated by extensive lion range. We used interviewee encounters and incidental information secondarily to expand or contract lion habitat.
Population size
We used two methods to estimate the size of the lion population in the study area. Method A used the most recent lion densities for the area, estimated for each community program area (see [6] ). To deduce the population size, we applied these density estimates and restricted the analysis to our predicted lion distribution. In Method B, we compiled lion density estimates for various ecosystems from several reports (Appendix D). The estimates varied from 0.12 to 2.5 lions per 100 km 2 . We then selected lion density estimates of ecologically similar, geographically proximal habitats, which constrained the density range to 0.6 to 1.0 lions per 100 km 2 . Finally, we applied the minimum and maximum density numbers to the predicted lion distribution to estimate population size. Neither method relies on the frequency with which interviewees reported lion encounters.
Results
Interview data
The interviews yielded data concerning the presence of several mammal species and human-carnivore conflict (Appendix E).
Of the interviewees that owned domestic animals in the past year (n=57, 93% of interviewees), a much higher percentage reported losing livestock to disease (n=47, 82.5%) than to depredation (n=24, 42.1%) ( Table 1) . Overall, seven livestock owners (12.3%) reported losing livestock to lions. Of those owners who suffered depredation events of any kind, lions were the most common killer(s) (implicated by 29.2% of these owners). Other major predators include spotted hyena and snake (both identified by 25% of those who had lost livestock to depredation). Interviewees that owned goats suffered the highest relative cost from predation, with 15 owners suffering depredation (40.5%) and also the highest proportion of lion attacks, with 16.2% losing a goat due to lion depredation. Interviewees reported no cattle killed by lions.
About a third (n=20, 32.8%) of interviewees reported that a wild animal had killed someone in their village within the last year. None of these reports involved lions. Of the reported human deaths by animal attack, roughly two-thirds were by crocodiles and a third resulted from snakes. The interviews gave distributional data indicating how often there was lion presence, at what distance, and in what direction from town. Half (n=31) of the interviews indicated lion presence since the start of 2009. A third (n = 9) of the reports indicated more than one animal, and two interviewees observed cubs. 
Lion distribution
We created a lion distribution map incorporating the UILC, interviewee lion observations and incidental information (Fig. 3 ). Our derived lion range is roughly 23,000 km 2 , or just under two-thirds of the study area. Nearly 75% of lion range overlaps with the Tchuma Tchato Community Project (Fig. 4 ). 
Population size
The population of lions in the study area using Method A is 187 individuals ( Table 2) . Using Method B, with density varying from 0.6 to 1.0 lions per 100 km 2 , the population estimate is between 136 and 227 individuals, the average of which is 181 lions.
Discussion
Data suggest roughly two-thirds (23,000 km 2 ) of the study area contains lions. In the west, lion range is continuous with Zambia along much of the Luangwa River. Range extends along most of Lake Cahora Bassa and expands northwards into pockets of Marávia and Chifunde districts. We suspect the lion range extends eastward into the neighboring Macanga and Chiuta districts as it is contiguous with habitat in Chifunde. Distribution should be viewed with caution, as presence was not confirmed in all locations. Interviews, particularly in northern Zumbo, northeast and southeast Chifunde, and northern Marávia, would increase confidence of the lion distribution in these areas. It is possible that lion range in these areas is overpredicted and the true amount of habitat is smaller.
Lion populations in Tete Province are likely isolated except in the west where they connect with lions in Zambia. Several villages on the western border with Zambia noted weekly lion presence, suggesting that a transfrontier lion population may exist. Lions may also disperse from our study area to/from Zimbabwe when they cross the Zambezi River (Gianetta Purchase 2011, pers. comm., Nov 22) . However, it is unlikely that lion range connects to the rest of Mozambique (e.g., to Gorongosa National Park) because of extensive human populations and disturbance to the southeast of the study area.
Lions in Tete Province are likely remnants of a low-density population once continuous with and ecologically part of neighboring protected areas. Although it is possible that the population is composed entirely of nomads, or dispersers, from abutting protected areas (e.g., Lower Zambezi and Luangwa Valley National Parks) or the Zambezi valley floodplains, interviewees from two separate villages indicated seeing more than one lion and cubs. This suggests that the area has a resident lion population.
We estimate 185 lions in the study area with a range from 136 -227. Our estimate of 185 lions is greater than previous estimates from more geographically comprehensive reports [4, 8, 9] . However, it is less than the most recent estimate by Chardonnet et al. [6] , which suggested 507 lions for all of Tete Province with the majority, 295, concentrated in the study area. Any estimate of lion numbers relying on density extrapolations to suspected habitat must be viewed with an appropriate amount of caution. While we feel this number is the best estimate possible given the available data, we also recognize that our results may overestimate lion range, and in turn population size.
A variety of evidence supports our claim of a relatively small lion population and low lion density. Most importantly, prey densities are low in the study area. Two aerial surveys, completed in 2003 and 2008, included portions of the study area, and both indicated low prey densities in our study area relative to other surveyed areas [20, 21] .
It is useful to contrast Tete Province with Niassa National Reserve, an area of similar habitat, but where lion densities are better known [6] . Niassa contains 1-3 lions per 100 km 2 [6] . In our study area, cultivation and settlements are more extensive, herbivore diversity is lower, and there is less abundant wildlife of almost all varieties than in Niassa [21] . This suggests that lion densities, like herbivore densities, are lower in Tete than in Niassa.
Some accounts indicate depleted wildlife numbers caused by the Mozambican Civil War [11, 22] . These reports suggest that the hostilities negatively impacted wildlife. Other reports suggest low wildlife numbers due to continued snaring and hunting for bushmeat both locally [23] and in nearby parts of Mozambique [24] . However, we cannot report on the true extent of snaring, poisoning or bushmeat hunting in this area.
Human-lion conflict can be a primary factor causing low lion numbers where villagers kill carnivores in retaliation for depredation of livestock [25] . Conflict between lions and humans is common in parts of Mozambique and Tete [6, 26] and, while minimal locally, we believe it could worsen if lion or human populations increase. Interviews revealed no human deaths attributable to lions and one non-fatal attack. There were two reports of retaliatory lion killings. In terms of livestock, predation from all carnivores was a smaller threat than disease. Twice as many livestock owners suffered losses from disease than from predation (80% vs. 40%). Yet, the lion was the most common predator of livestock, with nearly 15% of livestock owners suffering lion depredation. We were unable to record detailed counts of livestock lost to depredation using interviews. 
Implications for conservation
Mozambique recently completed a Conservation Strategy and Action Plan for the African lion [11] . The Plan was developed in two steps: a survey determining the status of the lion [6] and a national workshop held in Maputo in July of 2009. The Action Plan lays out a vision, goal, objectives and timeline with defined roles and responsibilities. The crux of the goal statement is "to secure, and where possible, restore viable lion populations in Mozambique [11] ."
Sustaining or enlarging a viable local lion population may erode living conditions for rural people unless human-lion conflict is addressed. There are many options to mitigate conflict, but they require a locally appropriate approach and resources to plan and execute these actions. At least one of the safari operators and a partner in Tchuma Tchato help the community deal with problem animals (Carel Maartens 2010, pers. comm., July). However, more proactive approaches to dealing with conflict should be developed and implemented. The Human-Lion Conflict Toolkit, which details a variety of intervention strategies, could guide these approaches [27] .
A local concession owner suggested that there are small resident lion populations in the study area that may be increasing as prey densities rebound (Carel Maartens 2012, pers. comm., June 11). Interviewee observations support this, with a third of observations consisting of more than one lion and some including cubs. One interviewee claimed seeing a pride of eight lions. Proper management of limiting factors, such as snaring, trophy hunting, and prey availability, may stimulate and sustain a recovery of the lion population in this area. A recovering lion population would support the goal adopted in the Conservation Strategy and Action Plan [11] . Importantly, our findings suggest a transfrontier lion population with connections to Zambia and possibly Zimbabwe. To identify trends, we recommend regular monitoring of lion and prey populations.
However, politics and land use decisions will dictate conservation in Tete. The land is valuable for many different uses (e.g. logging, mining, agriculture, trophy hunting and conservation) which traditionally have limited compatibility. The study area contains nearly 10% of the lions in Mozambique [6] , and some sections have important biological value, particularly along the western border with Zambia [16] . Yet vast coal deposits exist throughout Tete, leading to claims that by 2025, Tete could be producing 25% of the world's coking coal [28] . With a tremendous amount of natural resources and rapidly accelerating investments to develop them [17] , Tete will change rapidly and possibly drastically. Political choices and resultant land use policies will ultimately decide the size and extent of future lion populations in Tete. 
